Tissue sets from 36 snatch-farrowed colostrum-deprived (SF/CD) and 71 Caesarian-derived gnotobiotic swine infected with porcine circovirus type 2 (PCV-2) as neonates were examined and scored for the types and tissue distribution of histologic lesions associated with this viral infection. The occurrence and severity of these lesions were correlated with qualitative and quantitative determinations of viral burden in tissues by immunohistochemistry (IHC) and tissue titrations for infectious virus, respectively. These measures were, in turn, related to 1 of 3 categories of clinical disease expressed in PCV-2-infected swine as subclinical infection, preclinical postweaning multisystemic wasting syndrome (PMWS), and clinically evident PMWS, respectively. Statistically significant (P Ͻ 0.05 to 0.001) associations between both measures of viral burden, the severity of histologic lesions and the stage of disease were obtained. Discrimination between and among categories of disease was best accomplished by a combination of IHC and histopathology. The results of this study confirm that viral burden in PCV-2-infected tissues, specifically lymphoid tissues and liver, directly correlate with severity of clinical disease expression in PCV-2 infected swine.
Introduction
Porcine circovirus 2 (PCV-2), the smallest known autonomously replicating mammalian DNA viral pathogen, 27, 32, 44 is established as the necessary cause of postweaning multisystemic wasting syndrome (PMWS) in swine. 1, 2, 11, 12, 17, 22 In addition to PMWS, PCV-2 infection is also associated with porcine dermatitis and nephropathy syndrome 1, 9, 14, 31, 43 and reproductive disease including still births and abortions. 6, 38, 40, 46 The PCV-2 infection is 1 viral component of the porcine respiratory disease complex and sow abortion and mortality syndrome. 1, 40 Most swine are PCV-2 seropositive, indicating that subclinical infection with this virus is common 10, 30, 45 ; sera collected before the first recognized outbreaks of PCV-2-associated disease contain PCV-2 antibodies as well. 45 Although there is evidence for in utero transmission of the virus, 6, 46 the onset of clinical disease in the postweaning period suggests that PCV-2 infection is most often acquired postnatally. One feature of the host-PCV-2 interaction is viral persistence in seropositive swine. 7, 25, 26, 35, 42 As a consequence, it is likely that virus or viral DNAs (or both) are shed intermittently throughout life in a subset of both boars 25 and sows, 26, 35, 42 each serving as potential source of infectious virus to their progeny. The virus is very stable and may be retained in infectious form in the environment for many months. 1, 40 Overt clinical disease in PCV-2-infected swine appears to be frequently precipitated by coinfection with other porcine viruses, 2, 3, 11, 12, 17, 21 immunostimulation by oil-adjuvanted immunogens 5, 22 or oil-based biologics (or both), 4, 24, 34 and immunosuppression. 20 The high incidence of subclinical infection 26 and the stability of the virus complicate both diagnostic procedures and approaches to control of disease outbreaks attributable to PCV-2. Serology alone 45 is not useful as either a prognostic or diagnostic aid. Similarly, detection of viral DNAs in samples by polymerase chain reaction (PCR) may overestimate the risk for developing overt disease because subclinically infected swine may be viremic, and viral DNA may be present in excretions and secretions from many clinically normal swine. 7, 15, 21, 25, 30, 33, 35, 42 For these reasons, gross pathologic and histologic assessment of suspect tissues is recommended to ascertain the spectrum of PCV-2-associated disease, which may be present. 1, 40 Correlations between levels of infectious virus in selected tissues and clinical outcome have been reported in experimentally reproduced disease. 22, 23, 33 In general, high levels of infectious virus (Ͼ10 6 infectious units per gram of tissue) are associated with clinically apparent PMWS. Viral titers below 10 5 infectious units per gram of tissue appear to be characteristic of subclini-cally infected swine. 20, 21 However, the virus titration assay is labor intensive and is not suitable for routine diagnostics. Levels of viral DNA in tissues parallel viral infectivity data ( [24] [25] [26] [27] 2001) .
The diagnosis of PMWS in unthrifty young swine is accomplished by histologic examination coupled with demonstration of viral proteins in lesions by immunohistochemistry (IHC) or in situ hybridization for viral DNAs (or both). 28, 37, [39] [40] [41] A diagnosis of PMWS in affected swine requires demonstration of the lesions of PMWS (generalized lymphadenopathy and disseminated granulomatous inflammation) coupled with demonstration of viral materials within these lesions. 1, 8, 40 In naturally occurring disease, neither the duration of infection nor the presence of other cofactors are known, and it is common to encounter histologic lesions suggestive of PMWS in clinically normal (or at least minimally affected) swine. Moreover, a clinical diagnosis of wasting disease is not synonymous with PCV-2-induced PMWS because other disease processes may cause unthriftiness. 40 Although the lesions of overt PMWS are now well recognized, 1, 40 histologic lesions attributable to PCV-2 in subclinically affected swine are not well delineated, and there is a need to determine whether certain combinations of histologic lesions correlate with both the amount of virus present in the tissues and the clinical disease status. One approach to this diagnostic challenge is to evaluate the methods used to assess disease status in experimentally infected swine in which the duration of infection is known, cofactors, which may modulate clinical expression of disease, are controlled, and the spectrum of lesions characteristic of PCV-2 disease are present in affected tissues. In the past several years, the authors' laboratories have accumulated paraffinembedded tissue blocks from many experimentally infected gnotobiotic and snatch-farrowed and colostrumdeprived (SF/CD) young swine. Quantitative viral titrations for recovery of infectious virus in key tissues (bronchial lymph nodes, peripheral lymph nodes, thymus, and liver) were performed, and replicate sections of paraffin blocks from these same tissues were stained with hematoxylin and eosin (HE) and for PCV-2 nucleocapsid protein by IHC. [20] [21] [22] [23] 28, 29 The objective of this retrospective study was to determine whether histologic findings and viral tissue burden in PCV-2-infected swine correlate with clinical disease status.
Materials and methods

Source of tissues from the Department of Agriculture and Rural Development, Veterinary Sciences Division and the Department of Veterinary Biosciences, College of Veterinary
Medicine, the Ohio State University. At Veterinary Sciences Division (VSD), piglets were derived by the snatch-farrow method and deprived of colostrum. Porcine parvovirus (PPV) infection was used as the cofactor for induction of PMWS; piglets were coinfected with PCV-2 and PPV between 5 and 7 days of age. 2, 28 Paraffin-embedded tissue blocks of formalin-fixed thymus, spleen, bronchial, sternal, submaxillary, axillary, inguinal, and mesenteric lymph nodes, liver, lung, kidney, and ileum of 40 PCV-2-infected piglets from experiments performed at the VSD, Department of Agriculture and Rural Development, Queens University, Belfast, Northern Ireland, were studied. Three piglets were excluded from analysis because of limited IHC data, and 1 piglet was excluded because not enough tissues were available for histologic analysis. Thus, the abstracted VSD study set consisted of multiple tissue sections from 36 PCV-2infected swine.
The second study group consisted of tissue sets from 71 gnotobiotic 18 piglets obtained from 7 pregnant sows used in experiments at Ohio State University (OSU). Groups of gnotobiotes studied included 11 uninfected separately housed controls, 12 piglets infected with PCV-2 alone, 12 piglets infected with PCV-2 and immunostimulated by injections of KLH emulsified in incomplete Freund adjuvant as described 22 and 36 piglets infected with PCV-2 at 1 day of age and then immunized with commercially available parenteral vaccines licensed in the United States for use in young swine as an aid to the prevention of mycoplasmal pneumonia at 7 days of age. For each OSU piglet, ethanolor formalin-fixed tissue samples (or both) from the left and right superficial inguinal and axillary, mesenteric and bronchial lymph nodes, thymus, lung, liver, kidney, and terminal ileum were available for study.
Virology (VSD). At VSD, snap-frozen tissue section replicates from all piglets studied were stained for PCV-2 nucleocapsid protein as described. 2, 28, 29 In brief, snap-frozen tissue sections were cut, fixed in cold (4 C) acetone for 10 min, washed, and stained for PCV-2 nucleocapsid protein. [1] [2] [3] 28, 29 The intensity/distribution of viral antigen in each tissue sample from all pigs was scored subjectively on a scale of 0 to 4, where a score of 0 was given to virusnegative tissue sections, a score of 1 was assigned to tissue sections containing scattered, single virus-positive histiocytes and macrophages with no discernable parenchymal cell involvement. A score of 2 was assigned to tissue sections containing both virus-positive single cells plus focal collections of antigen-positive histiocytes and macrophages and the rare virus-positive parenchymal (nonlymphoid tissue) cell. A score of 3 was assigned to tissue sections containing multiple foci of virus-positive histiocytes and syncytia, chiefly virus-positive follicular dendritic cells in lymphoid tissues and within developing granulomas. Occasional IHC-positive cells in parenchymal organs. A score of 4 was assigned to tissue sections containing extensively distributed focal to confluent collections of virus-positive cells (granulomas) and IHC evidence of substantial viral antigen contained in parenchymal tissue cells.
Virology (OSU). Both IHC and quantitative methods for determination of the extent and severity of PCV-2 infection in infected swine were used at OSU. For IHC, paraffin-em-bedded tissue section replicates were stained for viral nucleocapsid protein by the same PCV-2 monoclonal used by VSD 29 in an IHC procedure. 10, 12, 18, [20] [21] [22] [23] Each tissue section was scored for the amount of viral nucleocapsid protein on the same 0-4 scale described above. To determine viral infectivity contained within infected tissues, quantitative viral titrations were performed on tissue homogenates from all gnotobiotic pigs. 22 For this, 10% (wt/vol) homogenates were prepared from 5 tissues: pooled peripheral lymph nodes (superficial inguinal and axillary), bronchial lymph nodes, liver, kidney, and thymus. Quadruplicate 10-fold dilutions were inoculated onto subconfluent monolayers of PCV-2-free porcine kidney cells. 10 Histopathology and scoring microscopic lesions. Histologic evaluation(s) and scoring for both the VSD and OSU were performed by 1 pathologist (SK) at OSU. Paraffin blocks containing multiple tissue samples were prepared at VSD and sent to OSU. Other than the pathology identification numbers used by VSD, the blocks were not further identified. Tissue sections (5 m) from each pig were cut from each block, stained with HE, evaluated, and scored without knowledge of either clinical outcome or IHC results. Randomizing and obscuring the identity of gnotobiotic pigs at OSU for histologic evaluation was more problematic because the pathologist (SK) scoring the tissues also had performed the gross necropsies on these same animals. Gross findings were recorded at the time of tissue collection, and both the gross record sheets and virologic data were not evaluated until completion of the study. For both study sets, histologic lesions in each tissue section were scored on a severity and extent scale using a subjective grading system ranging from 0 to 4, where a score of 0 was assigned to sections that lacked the lesion in question, a score of 1 was assigned to the lesion in question if it was judged to be of minimal severity and present as 1 to 3 foci in the section. A score of 2 was assigned to the lesion in question if it was of moderate severity and multifocal in distribution. A score of 3 was assigned to the lesion if it was judged to be severe and multifocally distributed with multiple confluent lesions evident. A score of 4 was assigned to the lesion if it was very severe and diffusely distributed in the tissue section. Histologic lesions were scored in lymph nodes, spleen, thymus, and Peyers patches of the ileum. Lesions evaluated were lymphoid depletion, lymphoid (T cell region) hyperplasia, germinal center development, reticuloendothelial (histiocytic) hyperplasia, syncytial giant cell formation, mixed multifocal to diffuse granulomatous inflammation and presence of cytoplasmic inclusion bodies compatible with PCV-2.
Nonlymphoid tissue lesions identified were present in the lungs (VSD set), liver, and kidney (both VSD and OSU sets). Histologic changes consisted of focal to multifocal mixed granulomatous inflammatory foci with or without syncytial giant cells, intracellular viral inclusion bodies, and parenchymal cell degeneration and necrosis.
Data evaluation and statistics. The scoring for the extent of virus involvement (IHC) in each organ and tissue was accomplished at VSD and was performed without knowledge of the histologic lesion score developed at OSU. Clinical outcome was determined at VSD at the end of the ex-perimental observation interval (28-35 days after infection) or when moribund with PMWS; this information was not provided to OSU until completion of the study. At OSU, both individual and aggregate histologic scores for each gnotobiotic piglet were generated and recorded without specific knowledge of either viral status or clinical outcome. Enough time (2-3 mo) lapsed between the gross necropsies and histologic and IHC examinations such that pig identification numbers, outcome, or disease status could no longer be accurately recalled. The degree of association among the various methods was assessed using Spearman's correlation coefficient. a A nonparametric measure of correlation was used because the data were either semiquantitative or nonnormally distributed. Four distinct relationships among the different measures of infection were explored. First, an association between quantitative viral titration values from bronchial lymph nodes and the sum of all tissue estimates of viral load as determined by IHC was examined to determine whether the amount of infectious virus in a specific target tissue (bronchial lymph nodes) correlated with systemic estimates of viral burden as determined by IHC. Second, a correlation was sought between the systemic infectious PCV-2 infectivity (sum of all tissue titrations) and the amount of viral antigen detected in all tissues by IHC to determine whether IHC alone was a valid estimate of PCV-2 disease status and accurately reflected the viral burden in PCV-2infected pigs. Third, a correlation was sought between the amount of infectious virus recovered from the liver (the lethal target organ in PCV-2-infected gnotobiotic swine) and IHC estimates of viral burden in the liver. Fourth, correlations were sought between the systemic IHC estimates of viral burden and the systemic histologic lesion score to determine whether the histologic changes identified in PCV-2infected gnotobiotic swine accurately reflected systemic IHC estimates of viral load.
For both the VSD and OSU tissue sets, a subjective method was also used to determine whether there was predictive value in the histopathologic scoring method developed at OSU. Three clinical outcome groups (subclinical infection, preclinical PMWS, and clinical PMWS) were defined (see below), and each piglet was then assigned to one of these groups on the basis of the spectrum and severity of histologic changes identified. Values for the amount of viral nucleocapsid (IHC) were plotted against histologic category of disease to identify correlations between viral burden, severity of histologic changes, and clinical outcome.
Results
Gross lesions. Generalized or regional lymphadenopathy of varying severity was present in all PCV-2-infected SF/CD and gnotobiotic piglets. Of the lymph nodes examined, the bronchial and sternal nodes were most frequently enlarged. In SF/CD swine, interstitial pneumonia with or without secondary bacterial bronchopneumonia was the most consistent gross lesion in nonlymphoid tissues. Some preclinical and all clinical PMWS swine had grossly evident involvement of the liver as well. In PCV-2-infected gnoto- biotes, the only regularly occurring gross lesion was seen in the liver of pigs with preclinical or clinical PMWS. In these animals, liver was variably reduced in size and diffusely tan or yellow.
Histologic lesions. Histologic lesions consistent with PCV-2 infection were largely confined to 2 tissue compartments: lymphoid tissues and parenchymal organs (liver, kidney, and lung). Of these, alterations in lymphoid tissues were most regularly present. Unlike PCV-2-infected gnotobiotic swine, both interstitial and granulomatous pneumonia with occasional secondary suppurative (bacterial) pneumonia were regularly identified in lung tissue sections from SF/CD piglets. For clarity, histologic changes are described within each subgroup of PCV-2-infected pigs from VSD even though group assignments were not made until after the study was completed.
Uninfected control piglets. For both the VSD and OSU sets, limited numbers of uninfected control pigs were also evaluated. Aside from histologic evidence of bacterial infection in several VSD controls, tissues examined from both sets of controls were within normal limits and were negative for PCV-2 nucleocapsid protein (data not shown).
Subclinical PCV-2 infection. Subclinical infection was defined as that in which infected piglets were: 1) clinically asymptomatic at euthanasia and 2) had minimal to no histologic lesions in lymphoid and parenchymal tissues. In this group, changes in lymph nodes consisted of very mild proliferation of interstitial and dendritic histiocytes. Germinal centers were prominent, paracortical T cell regions were cellular, and subcapsular sinuses contained many lymphocytes (Fig. 1 ). Viral inclusion bodies were not present, and only rare syncytial giant cells were observed. The thymuses were of normal size and cellularity, and there was min-imal proliferation of histiocytic cells in the medullary regions of occasional thymic lobules. In other tissues, only minimal histologic evidence of inflammation was present. These consisted of focal or multifocally distributed lymphocytic and plasmacytic infiltrates into widely scattered portal triads and hepatic plates. Similar infiltrates were seen in the kidney, most regularly around vasculature at the junction of the renal cortex and medulla. Parenchymal cells (e.g., hepatocytes and renal tubular epithelia) appeared histologically normal. Pulmonary lesions, if present, were subtle and consisted of focally increased numbers of inflammatory cells within alveolar septa and bronchioles.
Preclinical (mild) PMWS. Piglets with 1 or more signs of PMWS (subcutaneous edema, mild icterus, and weight loss) yet were alive and active at euthanasia were classified as developing PMWS. In these piglets, generalized lymphadenopathy was dominated by extensive proliferation of histiocytes and macrophages, histiocytic and follicular dendritic cell syncytial giant cell formation, and widespread depletion of B and T lymphocyte-dependent regions of the spleen and lymph nodes (Fig. 2) . Characteristic cytoplasmic PCV-2 viral inclusion bodies were often identified in lymph nodes or in multiple sites within 1 lymph node, particularly those (bronchial and sternal) associated with the respiratory tract. Thymic sections demonstrated moderate reduction in the thickness of the cortex. Inclusion body-containing syncytial giant cells of histiocytic origin 21 were regularly present in the medullary regions of individual lobules. In the liver, mononuclear cellular infiltrates were prominent and often confluent between portal triads and hepatic plates. In addition, the parenchyma contained multifocally distributed granulomas. Hepatocytes and renal tubular epithelia adjacent to these granulomas demonstrated hy- Bronchial lymph node IHC scores A. IHC score of 0-1 (n ϭ 6) 0.28 ϫ 10 6 cfu/gm (0.009 to 0.90 ϫ 10 6 cfu/gm) -B. IHC score of 2 (n ϭ 15) 5.0 ϫ 10 6 cfu/gm (0.06 to 11.80 ϫ 10 6 cfu/gm) 0.04 0.11 (ns) C. IHC score of 3-4 (n ϭ 13) 1.40 ϫ 10 7 cfu/gm (0.06 to 63.20 ϫ 10 7 cfu/gm) 0.02
Liver IHC scores A. IHC score of 0-1 (n ϭ 13) 0.23 ϫ 10 6 cfu/gm (0.0006 to 1.18 ϫ 10 6 cfu/gm) -B. IHC score of 2 (n ϭ 16)
1.00 ϫ 10 6 cfu/gm (0.003 to 6.32 ϫ 10 6 cfu/gm) 0.09 0.008 C. IHC score of 3-4 (n ϭ 7)
2.30 ϫ 10 7 cfu/gm (0.34 to 63.20 ϫ 10 7 cfu/gm) 0.09 dropic degeneration and occasionally acidophilic shrunken cytoplasm and pyknotic fragmented nuclei compatible with necrosis. Nonsuppurative interstitial pneumonia was a feature of preclinical PMWS in some VSD piglets. Clinical (severe) PMWS. Piglets that died before the planned date of euthanasia or were moribund at the date of euthanasia were defined as having clinical PMWS. Piglets of this PCV-2 infection group all exhibited lymphoid lesions considered diagnostic for PMWS. 1, 8, 19, 23, 36, 37, 39, 40 Piglets affected with PMWS exhibited extensive and severe systemic lymphoid depletion, multifocal to diffuse granulomatous lymphadenitis with numerous inclusion body-laden histiocytes and macrophages (Fig. 3) . In nonlymphoid tissues, particularly the liver, moderate to severe inflammatory cell infiltrates were present, and these were confluent with expanding granulomatous inflammation. In the liver, hepatocytes were depleted in and around the granulomatous inflammatory foci and remaining pa-renchymal cells exhibited moderate to severe cellular degeneration and necrosis. 19, 36 In VSD lungs, secondary suppurative (bacterial) bronchopneumonia, when present, obscured interstitial pneumonia and septal granulomatous inflammation associated with PCV-2. In 2 VSD swine, serosal surfaces of the liver, intestine, and kidney contained fibrinopurulent inflammatory debris compatible with bacterial septicemia and peritonitis. In these 2 pigs, mild autolytic changes were found, indicating that these piglets had been dead for several hours before necropsy and tissue collections.
Statistical validation of measures of PCV-2 infection in the OSU tissue set. As documented elsewhere, 12,19,21-23 lymphoid tissues (particularly bronchial lymph nodes) and liver were most regularly affected in PCV-2-infected gnotobiotic swine. Both IHC and quantitative viral titration data from the OSU study set and statistical analyses are presented in Table 1 . Fortythree samples of bronchial lymph nodes were examined by both virus detection methods and a strong correlation ( ϭ 0.52, P Ͻ 0.001) was established between the IHC score and the amount of detectable infectious virus. Similarly the data from 45 PCV-2infected gnotobiotic swine revealed a statistical correlation ( ϭ 0.44, P Ͻ 0.01) between the liver IHC score and the amount of infectious virus recovered from liver homogenates. To determine whether IHC estimates of the amount of viral antigen correlated with recovery of infectious virus, the total IHC score (the sum of the individual IHC scores in 49 PCV-2infected gnotobiotic piglets) was compared with titers of infectious virus recovered from lymphoid tissues and liver in these same pigs. A statistically significant association ( ϭ 0.43, P Ͻ 0.01) between these 2 measures of virus infection was demonstrated (Table 2) . Finally, a strong correlation between histologic and total tissue IHC scores ( ϭ 0.95, P Ͻ 0.001) was established, indicating that the severity of lesions identified were directly related to the amount of virus contained within them ( Table 2) .
Histologic scores, IHC scores, and clinical expres- Bronchial lymph nodes quantitative viral titrations versus IHC score 0.001 Liver quantitative viral titrations versus IHC score 0.01 All tissues sum of quantitative viral titrations* versus total tissue IHC score 0.01 All tissues total histologic lesion score † versus total tissue IHC score 0.001 * The sum of the ''viral load'' was determined by adding viral titration data from each tissue (combined superficial inguinal lymph nodes, bronchial lymph nodes, liver, and thymus).
† The total IHC and histologic lesions scores were determined for each piglet by adding the individual scores for each tissue. In the mild and clinical PMWS disease subgroups, these inflammatory infiltrates were frequently obscured by developing granulomatous inflammation in these organs. Developing granulomatous hepatitis was accompanied by hepatocyte degeneration and necrosis in half of the pigs with mild and clinical PMWS. In the PCV-2infected swine from VSD, interstitial pneumonia, with or without secondary suppurative bronchopneumonia, were features in half of the clinical PMWS pigs and also was seen in several (2 of 9) mild PMWS pigs. Finally, to determine whether viral burden as deter-mined by IHC correlated with clinical expression of disease in SF/CD young pigs, the average IHC score of each pig was plotted against clinical outcome (Fig.  4 ). In the VSD study set, the group mean IHC viral burden in piglets with subclinical PCV-2 infection was 2.27, whereas the mean score of the PMWS-affected piglets was 3.75 (P Ͻ 0.05).
Comparison between assigned disease category at OSU versus the disease category identified by VSD in the VSD tissue set. When the code was broken and the disease category assignments predicted from histologic evaluation at OSU were compared with the clinical disease outcome determined at VSD, agreement regarding category assignments was achieved in 32 of 36 piglets. In 4 piglets, the category assignment did not match. In no instance did histologic classification at OSU misidentify subclinically infected piglets as belonging to the PMWS-affected group. Similarly, none of the piglets with severe PMWS-associated disease was misidentified as belonging to the subclinical infection group.
Discussion
The overall goal of this blinded histologic study was to identify which specific microscopic changes in lymphoid tissues, liver, kidney, and lungs in experimental PCV-2-infected swine are positively correlated with both qualitative and quantitative assessments of viral * The number of pigs that contained this lesion versus the total number of pigs in each disease stage group (in parentheses).
Figure 4.
A graphic illustration correlating the tissue viral burden as determined by indirect fluorescent antibody test on acetonefixed frozen sections at VSD (y-axis) versus the stage of disease (xaxis) as described elsewhere. 28, 29 The score for each piglet is represented by the open circles. The group mean score by stage of disease is represented by the closed circles. The actual group mean values are given in parentheses. The difference in mean values between the subclinical and PMWS-affected groups (2.27 and 3.75, respectively) is statistically significant (P Ͻ 0.05). a load in tissues and subsequent clinical outcome. The design was such that neither the amount (infectious virus per gram of tissue), assessment of distribution, and abundance of viral antigen (IHC) nor the clinical outcome of challenge infection was known until after the scoring of tissue sections for histologic changes was completed. The VSD tissues were derived from studies in which the relative pathogenicity of various PCV-2 isolates was determined by inoculation into SF/ CD piglets. The OSU study set was derived from studies assessing the effects of various immunostimulatory regimens and commercial mycoplasma bacterins for disease potentiation in PCV-2-infected gnotobiotes. Both SF/CD (VSD) and gnotobiotic (OSU) tissue sets were evaluated to ensure that data analyzed was derived from more than 1 experimental environment.
All pigs included in this study were oronasally infected with PCV-2 shortly after birth. The VSD piglets were snatch-farrowed from date-mated pregnant sows and raised as colostrum-deprived animals under specific pathogen-free conditions with artificial heating. Piglets were supplemented with broad-spectrum anti-biotics provided by both parenteral injection and orally in the milk replacement diet. Despite close attention to health status, several individuals in the VSD preclinical and PMWS-affected groups developed terminal bacterial disease (serositis, peritonitis, and bronchopneumonia) in addition to the lesions attributable to PCV-2. Secondary bacterial disease processes did not complicate the course of disease in PCV-2-infected gnotobiotes at OSU. Importantly, both groups of swine expressed the full spectrum of host-virus interactions (asymptomatic infection to overt PMWS), gross lesions, and characteristic histologic lesions now attributable to PCV-2 infection and identified in commercial swine production operations. 1, 7, 13, 31, 32, 34, 35, 37 All experimental pigs were euthanized when moribund or at 4-5 weeks of age regardless of disease status. Disease status, for the swine still alive at the end of the experiment was determined ultimately by a combination of clinical presentation, gross lesions, and tissue virus burden as determined by IHC and quantitative virus recovery.
One objective of this study was to identify histologic lesions characteristic of the host-virus interaction in pigs without clinical signs of PMWS and to relate these lesions to the amount of virus contained within them. Critical to meeting this objective was to determine whether estimates of viral load in tissues accomplished by IHC were related positively to the amount of titratable infectious virus recovered from these same tissues. This was accomplished in the OSU study set for which both viral titration data and IHC scores were available. Subjective estimates of viral burden and quantitative determinations of viral infectivity were established in 2 target tissues (bronchial lymph nodes and liver) and in multiple PCV-2-affected tissues (superficial lymph nodes, bronchial and mesenteric nodes, spleen, thymus, liver, kidney, and lungs). Statistically significant (P values Ͻ0.01 to 0.001) associations between IHC scores and the amount of titratable infectious virus was obtained. These data suggest that the amount of infectious virus in PCV-2-infected swine can be determined by IHC without the need to perform time-consuming viral titrations on tissue homogenates. Similarly, the severity and distribution of histologic lesions was directly correlated (P values Ͻ0.01 to 0.001) with IHC scores, indicating that microscopic changes in these tissues attributable to PCV-2 infection were directly associated with the quantity of viral materials present in them.
A second objective was to determine whether the clinical and gross pathologic criteria developed by VSD for the assignment of individual piglets to 1 of 3 infection groups on the basis of clinical expression of disease and IHC estimates of viral burden were valid and could be verified independently by histologic examination of tissue sections without foreknowledge of disease outcome or viral burden. In this regard, the data shown in Figure 4 are most relevant. As can be seen, a single measure of disease severity (IHC for viral nucleoprotein) was useful (P Ͻ 0.05) only in distinguishing subclinically infected piglets from those piglets with clinically evident PMWS. After breaking the code, the correct category assignment of disease on the basis of histologic evaluations of these same pigs at OSU agreed with the VSD clinical assignment in 88% of the pigs evaluated. These findings strongly suggest that clinical assessment of the stage of disease in PCV-2-infected swine accurately reflects both the degree of histologic damage and presence or absence of specific lesions in tissues. Determination of the stage of the disease process in PCV-2-infected swine can be accomplished by conventional histologic examination without foreknowledge of either clinical signs or the amount and distribution of viral materials in these tissues.
A third objective of this study was to determine whether certain combinations of microscopic lesions and qualitative determinations of viral tissue burden by IHC have diagnostic value in PCV-2-infected swine. The first published reports on PMWS 8, 16 emphasized the importance of examining multiple tissues from a number of pigs showing clinical signs of wasting or other manifestations of PCV-2-associated disease to arrive at a ''herd'' diagnosis. Gross lesions considered diagnostic or highly suggestive of PMWS, namely, generalized lymphadenopathy, hepatic atrophy with icterus and edema, interstitial pneumonia, and occasionally nephropathy 1, 8, 16, 36, 40 were not present in every pig that died of PMWS or in all piglets with mild PMWS. Rather, these lesions, when present, indicated that severe clinical disease was occurring in that individual pig. Conversely, their presence did not mean that affected swine had clinically evident disease. For example, generalized or regionally extensive lymphadenopathy is considered diagnostic of PCV-2-associated disease. As demonstrated in this study, although lymphadenopathy was a consistent feature of PCV-2 infection, this lesion was attributable to either lymphocytic and reticular hyperplasia with germinal center formation or to systemic lymphoid depletion and replacement by multifocal to diffuse granulomatous inflammation. The former lesion is characteristic of subclinical infection, whereas the latter is characteristic of mild preclinical or clinically evident PMWS. Thus, a gross diagnosis of lymphadenopathy was not a predictive indicator of disease status in individual swine. Implicit in the disease category assignments developed to assess the severity of PCV-2 infection in experimentally infected swine is the assumption that PCV-2-infected swine may progress from subclinical infection through preclinical disease to clinically evident PMWS. Within a commercial swine production facility, most animals become infected with PCV-2 at 4-6 weeks of age, 1, 40, 45 presumably as maternal antibody titers decline. For most, overt disease expression and reduced productivity are not seen, and these swine likely confine the infection to lymphoid tissues, as did the subclinically infected pigs described in this study. This host-virus relationship is characterized histologically by mild to moderate histiocytic hyperplasia, mild lymphoid depletion or moderate lymphoid hyperplasia, and germinal center formation in lymph nodes. Only single virus-positive histiocytes or occasional foci of virus-positive proliferating histiocytes were seen. Neither syncytial giant cells nor viral inclusion bodies were identified and hepatocytes, renal and pulmonary epithelia were viral protein-negative and not obviously affected by the inflammatory cell infiltrates. Some of these infected swine may develop a persistent subclinical host-virus relationship characterized by asymptomatic intermittent episodic viral shedding, which may be of clinical significance at parturition or in the breeding barn. 25, 26, 40, 42 Thus, most pigs with a subclinical host-virus relationship will not develop clinically evident disease yet eventually may be sources of infectious virus to newly arrived nursery piglets. It is not known if cofactors such as concurrent infection with other porcine viral pathogens 2, 3, 10, 12, 16, 18 or vaccinations with oil-based immunogens 9, 16, 23, 29, 30 will upregulate virus synthesis and thus potentiate shedding of the virus in these animals.
Mild PMWS and clinically obvious PMWS-diseased pigs expressed moderate to severe clinical signs of disease. The dominant histologic change was developing or fully developed systemic granulomatous inflammation and depletion of lymphocytes from lymphoid tissues. Viral inclusion bodies within histiocytes were a regular feature of clinical PMWS and variable numbers of syncytial giant cells were also characteristic of these more severe manifestations of disease. Granulomatous inflammation of nonlymphoid tissues, particularly the liver and kidney was common as was overt damage (degeneration and necrosis) to the underlying parenchymal hepatic, renal, and pulmonary epithelia. By IHC, the virus was widely and prominently distributed in histiocytes, monocytes, macrophages, syncytial giant cells, and other unidentified cell type(s). Regardless of whether or not pigs with preclinical PMWS progress further to overt clinical PMWS, both the weight loss characteristic of preclinical (mild) PMWS and the severe clinical disease and death characteristics of severe PMWS result in a direct loss of income to the producer. Thus, the combination of these lesions coupled with the demonstrated abundance of viral material and inclusion bodies contained within developing granulomas and germinal centers is sufficient to make a pathologic diagnosis PMWS.
These data also reinforce the concept that the relative viral burden in tissues is ultimately the critical determinant of the severity of underlying histologic changes and is thus a reliable indicator of stage of disease and expected clinical status of PCV-2-infected swine. Experimental studies had established strong correlations between titers of infectious virus in tissues 22 33 and eventual disease outcome. Ideally, multiple viral titrations from 3 to 6 tissues (commonly pooled peripheral lymph nodes, bronchial lymph nodes, liver, kidney, and thymus) should be used to develop a complete picture of disease status in suspect swine. However, viral titrations are time consuming, expensive, and ill suited for adaption to diagnostic use where results are needed in a timely fashion. On the basis of findings reported in this study, it appears that the combination of histologic evaluation combined with a determination of the extent of virus infection by IHC accurately reflects the ongoing hostvirus relationship.
Finally, the authors did not evaluate PCR as a diagnostic option for PCV-2 diseases. A PCR test for viral DNAs will not differentiate between swine with contained and self-limiting infections in which there is minimal risk for development of PMWS from those with preclinical or overt PMWS. Quantitative PCR assays for determination of viral DNA copy numbers in sera represents a substantial improvement over conventional PCR methodologies. This assay has been applied to sera of experimentally infected swine and readily identifies those individuals with high circulating copy numbers (10 10 copies or more per milliliter) as clinically diseased and those with lower copy numbers (10 5 or less copies per milliliter of serum) as those with clinically inapparent disease. 33 It is not yet known whether the relationship between DNA copy number and disease outcome is a consistent feature of naturally occurring disease. Finally, although promising, 33, 34 this methodology, similar to quantitative viral titration assays, is technically demanding and critically dependent upon the availability of properly designed probes and standards. At the moment, these constraints may limit application of quantitative PCR as a diagnostic and prognostic tool for PCV-2-related disease. Thus, in the absence of more sophisticated tools for the diagnosis of PCV-2-associated diseases, it appears that the combination of histologic examination and a viral antigen detection method (IHC) will provide a level of diagnostic confidence, where suspect swine can be reliably identified. This approach is currently within the capabilities of diagnostic laboratories where an emphasis is placed upon timely reporting of findings to producers.
